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The  plant  vacuolar  Na+/H+ antiporter  plays  an  important  role  in salt  tolerance.  A vacuolar  Na+/H+ cDNA
(LfNHX1)  gene  was  cloned  from  Leptochloa  fusca(L.)  Kunth,  a halophyte  forage  grass,  by cDNA  and  RACE
methods  using  degenerate  primers.  The results  show  that  the  LfNHX  sequence  contains  2452  nucleotides
and  an  open-reading  frame  of1620  nucleotides  that  encode  a protein  of 540 amino  acids  with  a  deduced
molecular  mass  of  59.8  kDa.  The  deduced  amino  acid  contains  the  consensus  amiloride-binding  domain.vailable online 25 June 2013
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The  effects  of NaCl  stress  on  the Na+/ H+ gene  expression  were  analysed  using  Real  Time  PCR.  The  analysis
showed  that  the  expression  level  of  LfNHX1  increases  in  response  to  different  levels  of NaCl,  indicating
that V-Na+/H+ plays  an  important  role  in salt  tolerance  in  this  plant.
© 2013 Royal Netherlands Society for Agricultural Sciences. Published by Elsevier B.V.
 All rights reserved.. Introduction
Salinity is one of the major environmental stresses that currently
educe crop growth and productivity worldwide [1]. In most saline
oils, toxicity of the sodium ion is predominant. Plant strategy in
onditions of excessive sodium is to reduce the accumulation of Na+
n the cytosol in three ways including: (1) restricting the uptake of
nvironmental Na+, (2) increasing the efﬂux of Na+ from the cell,
nd (3) sequestering Na+ into the large intracellular vacuoles [2].
he Na+/H+ antiporters that are localized in the plasma and the
acuolar membrane catalyse the exchange of Na+ for H+ across
embranes using the energy provided by the proton electrochem-
cal potential established by H+-translocating pumps. Although the
apacity for vacuolar compartmentalization of Na+ and Cl− is an
daptation mechanism conserved in halophytes and glycophytes
3,4], the process is more efﬁcient in halophytes [5]. In plants, vac-
olar Na+/H+ antiporters can pump Na+ into the vacuoles to reduce
a+ toxicity and maintain a high K+/Na+ ratio in the cytosol to alle-
iate salt stress. Na+/H+ antiporters also regulate internal pH, cell
olume, and the sodium level in the cytoplasm and vacuole [6].
t has been shown that plant vacuolar Na+/H+ antiporters play an
Abbreviations: NHX, vacuolar Na+/H+ antiporter; ORF, open reading frame; RACE,
apid ampliﬁcation of cDNA ends; TM,  transmembrane; UTR, untranslated region.
∗ Corresponding author. Tel.: +989147029760.
E-mail address: Panahibahman@ymail.com (B. Panahi).
573-5214/$ – see front matter ©  2013 Royal Netherlands Society for Agricultural Scienc
ttp://dx.doi.org/10.1016/j.njas.2013.05.002important role in salt tolerance, ion homeostasis and plant devel-
opment [7].
The physiological activity of Na+/H+ antiporters in plants was
ﬁrst found in the tonoplast vesicles in red beet storage tissue [8],
and the ﬁrst Na+/H+ antiporter gene in higher plants was cloned
from arabidopsis [6]. Recently, many genes encoding Na+/H+ trans-
porters of plasma membrane or tonoplast have been isolated from
various halophytic and glycophytic plant species including Oryza
sativa [9], Atriplex gmelini [10], Brassica napus [11], Beta vulgaris
[12], Hordeum vulgare [13], Suaeda salsa [14], Aeluropus littoralis
[15] and some other glycophytes and halophytes.
These ion transporters are composed of a single polypeptide
chain with a molecular mass ranging from 56 to 100 kDa. They
typically have 11 or 12 transmembrane -helical spanners with
the C- and N-terminal ends of the protein predicted to be towards
the cytoplasm. They have a consensus amiloride-binding sequence
and two  short amino acid stretches that are similar to a puta-
tive cation-binding domain [16]. The CPA1 family of arabidopsis
cation/H+ antiporters comprises six members, AtNHX1–AtNHX6
[17,18], which have a signiﬁcant similarity to the endosomal
NHX1 from yeast [19]. These antiporters have a functional Na+/H+
antiporter activity based on their ability to complement the endo-
somal yeast Nhx1p [19]. Immunological and GFP expression studies
have shown that AtNHX1 [6,20] and AtNHX2 [19] are localized in
the vacuole.
The paramount role of vacuolar Na+ compartmentalization in
plant salt tolerance has been highlighted with the production of
es. Published by Elsevier B.V. All rights reserved.
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alt-tolerant transgenic plants with over-expressing NHX genes in
rabidopsis [6], tomato [21], brassicas [22], rice [23], maize [24],
heat [25] and tobacco [26].
Since most of the agriculturally important plants are mono-
ot glycophytes, studying a closely related halophyte might be
n effective way to unravel and improve salt tolerance in crops
15]. Leptochloa fusca (L.) Kunth also known as Diplachne fusca is a
ighly salt tolerant C4 perennial halophytic forage plant that grows
ell in coastal salt marshes [27]. It is an attractive model plant
or studying the mechanism of salt tolerance mainly because of
ts characteristics as a typical euhalophyte having both accumulat-
ng and excreting properties [28]. However, there are no reports on
he isolation and identiﬁcation of vacuolar Na+/H+ antiporter genes
rom this monocot halophyte. So the aim of this study is the iso-
ation of the Na+/H+ antiporter gene from the monocot halophyte
eptochloa fusca and analyse its expression under the inﬂuence of
aCl.
. Material and methods
.1. Plant material
The L. fusca plants were raised from seeds provided by the
gricultural Biotechnology Research Institute of Iran (ABRII). The
eeds were sown in sand and watered daily with a half-strength
oagland nutrient solution under conditions of a 16:8 h (light:dark)
hotoperiod at 25 ◦C. Six-weeks-old seedlings were transferred to
ydroponic chambers where they were placed in half-strength
oagland nutrient solutions with 5 different NaCl concentrations:0,
00, 200, 300 and 500 mM.  Ten hours later, root samples were
aken, brieﬂy rinsed in distilled water, blotted dry, immediately
rozen in liquid nitrogen and stored at–80 ◦C until used for RNA
xtraction.
.2. RNA isolation and RT-PCR
Total RNA was extracted from about 50 mg  of root samples from
ix-weeks-old plants that had been treated with 500 mM NaCl for
hree days, using the Fast PureTM RNA Kit (Takara, Japan; Cat#
190). RNA was treated with RNase-free Dnase I (fermentase) to
emove DNA contamination. The concentration and quality of RNA
amples were determined using a nano-drop spectrophotometer
nd agarose gel electrophoresis. Less than 500 ng RNA was used
or RTPCR reaction as speciﬁed in the RNA PCR Kit (AMV, Takara,
apan). The oligo dT-adaptor primer was used for cDNA synthesis
t 42 ◦C, for 60 min.
For PCR ampliﬁcation, two degenerate primers were used:P1,5′-
TCATCTACTACCTGCTCCCGCCSATCAT-3′ and P2, 5′-CCACAGAA-
AACACGGTTAGAATRCC-3′. These primers had been designed pre-
iously by Zhang et al. [35] according the conserved region of NHX
enes in other plants. The PCR condition was: 4 min  at 94 ◦C (one
ycle), 40 sec at 94 ◦C, 30 sec at 59 ◦C, 30 sec at 72 ◦C (37 cycles), and
0 min  at 72 ◦C (one cycle). The PCR product was puriﬁed followed
y sequencing. On the basis of the sequence of this RT-PCR produc-
ion, primers were designed that are required for ampliﬁcation of
DNA.
.3. 5′ - RACE and 3′- RACE
The RACE method was used for obtaining the full-length of cDNA
equence of LfNHX1, performing the 5′ and 3′ ampliﬁcation of cDNA
nds. The 5′RACE was performed using the 5′ RACE System for Rapid
mpliﬁcation of cDNA Ends Kit (Roche 5′/3′ RACE Kit, 2nd Genera-
ion, Germany) according to the manufacturer’s protocol. The ﬁrst
trand cDNA was synthesized from total RNA, using speciﬁc anti-
ense primer1, GSP1:5′- CGATCAGTTGAGTGCCTTCCTAT-3′. Afterl of Life Sciences 64– 65 (2013) 87– 93
puriﬁcation of cDNA, homopolymeric A-tailing of 3′ end of
ﬁrst-strand cDNA was performed, using recombinant terminal
transferase and dATP. PCR ampliﬁcation of dA-tailed cDNA was
performed using nested antisense gene speciﬁc primer 2, GSP2: 5′
-GTGGCATCATTCACAACTCCTTC–3′, and oligodT–anchorprimer,5′
GACCACGCGTATCGATGTCGACTTTTTTTTTTTTTTTTV-3′, V= A, C or
G.
The 3′-RACE was  also performed using the 3′-RACE System
of Roche Applied Science Technology. The ﬁrst strand of cDNA
was synthesized using OligodT-anchor primer, 5′-GACCACG-
CGTATCGATGTCGACTTTTTTTTTTTTTTTTV-3′, and then the PCR
ampliﬁcation of cDNA was  carried out usingPCRanchorprimer:5′-
GACCACGCGTATCGATGTCGAC-3′ and sense gene speciﬁc primer
1, GSP1: 5′ ATAGGAAGGCACTCAACTGATCG3′, according to the
manual. The products of the original PCR and the 5′- and 3′-
RACE reactions were sequenced. These three fragments were
assembled into a full-length cDNA (LfNHX1) through the align-
ment and deletion of the overlapping fragments with Bio Edite
software. Homology comparison and phylogenetic relation-
ships were analysed using the CLUSTALX multiple sequence
alignment algorithm. Seven Na+/H+cDNA was compared with
one another, and the phylogenic tree of 53 Na+/H+ genes was
drawn using MEGA 3.1 software. Also the hydrophobicity
values were calculated using the programme TM Prediction
(http://www.ch.embnet.org/software/TMPRED-form.html). Pro-
tein physico-chemical characterization, theoretical iso-electric
point (pI), molecular weight, total number of positive and negative
residues and instability index were computed using the Expasy’s
ProtParam Server (http://expasy.org/tools/protparam.html).
2.4. Real time PCR analysis
Total RNA was  extracted from about 50 mg  of frozen roots, using
the Fast PureTM RNA Kit (TaKaRa, Cat# 9190) according to the kit
manual.
TheRNA samples were treated with DNase I (fermentas
#EN0521) for removing the DNA contamination. Then the ﬁrst
strand cDNA was synthesized using Prime ScriptTM 1st strand cDNA
Synthesis Kit (Takara, Cat. # 6110B) following the manufacturer’s
instruction.
Real-time PCR assays were performed using ABI PRISM®
7300 RealTime Ampliﬁcation Thermal Cycling System. For the
quantitative determination of LfNHX in qPCR mixture, SYBR®
Premix Ex TaqTM (Perfect Real Time PCR) (Takara, Cat. # RR
041A) was used. The primer pairs used in the Real Time PCR
were: 5′-TTCTGGATTGCTCAGTGCTT-3′ in sense direction and
5′-CAGCCAGCATGTAAGAGAGG-3 in antisense direction. In this
experiment, 18SrRNA was  used as an internal reference gene
by primer sequences of 5′- ATGATAACTCGACGGATCGC-3′in sense
direction and 5′- CTTGGATGTGGTAGCCGTTT-3′in antisense direc-
tion. The PCR conditions for the real time assay were 94 ◦C for
2 min  followed by 40 cycles of 94 ◦C for 10 sec, 62 ◦C for 15 sec,
72 ◦C for 15 sec, and72 ◦C for 7 min.All reactions were done in trip-
licate and the melting temperature of Lf NHX  and 18SrRNA was
62 ◦C. The melting curve prepared using SYBR-green ﬂuorescence
of PCR-sequences detected no hairpin or loop formation. Also, Real
Time PCR ampliﬁcation products were checked on DNA agarose gel
electrophoresis.
The expression of Lf NHX1 was quantiﬁed by the relative quan-
tiﬁcation method called 2−CT [29]. This method includes a
house-keeping gene (18srRNA) as an internal control and measures
the expression level of the target gene (Lf NHX1)  under treated
and untreated conditions. The amount of target gene normalized
to an endogenous reference as 2−CT was CT= (CT, LfNHX1- CT,
18SrRNA) salt treated–(CT, LfNHX1–CT, 18S rRNA) untreated.
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.5. Determination of Na+ and K+ content
Six-weeks-old seedlings were transferred to hydroponic cham-
ers where they were placed for 10 h on half-strength Hoagland
olutions with NaCl concentrations of 0, 100, 200, 300 or 500 mM).
oot samples were then taken and brieﬂy rinsed in distilled water,
lotted dry, and freeze-dried at–42 ◦C for 24 h followed by diges-
ion in 5MHNO3.The digested plant material was ﬁltered, diluted
ith distilled water and analysed for Na+ and K+ using a Flame
hotometer (Jenway PFP7).
ig. 2. Amino acid sequence analysis of Na+/H+ antiporter genes. Alignment of Lf NHX1
rogramme CLUSTAL X. The sources of the NHX1 are as follows: AlNHX1, Aleoropus littora
olanum  lycopersicum; VvNHX1, Vitis vinifera. Dark shading reﬂects 100% sequence conseregions (UTR) and Open Frame Reading (ORF) of LfNHX genes.
3. Results
3.1. Isolation of LfNHX and in silico analysis
A 600 bp band was  observed using the primers N-F and N-R
for RT-PCR. Sequencing of this fragment showed that it was very
similar to NHX of Aleoropus littoralis (93% identity in amino acid
sequence). The lengths of the 5′ RACE and 3′ RACE products were
1.5 kb and 0.8 kb, respectively. The full-length cDNA sequence was
2452 bp, consisting of a 426-bp 5′-untranslated region, 1620-bp
 protein sequence with other cloned antiporters. Sequences are aligned using the
lis; OsNHX1, Oryza sativa; ZmNHX1, Zea mays; AtNHX1, Arabidopsis thalianaSlNHX1,
vation. Red box indicates the putative amiloride-binding motif.
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uig. 3. Phylogenic analysis. Based on full-length Na /H antiporters (NHX) from hig
istances were computed using the Neighbour Joining Method [39].
oding region, 390- bp 3′ untranslated region and 15-bp Poly A
ail (Fig. 1). This sequence encodes for 540 amino acid residues
ccording to the following formula C2763H4305N693O735S26; the
alculated weight was 59 .8 kDa. It has been reported that mam-
alian Na+/H+ genes were inhibited by amiloride [30]. A putative
miloride-binding domain (Fig. 2) was also conserved in the puta-
ive peptide. These results show that the gene isolated from L. fusca
as a vacuolar-type of Na+/H+ gene.
The sequence of LfNHX cDNA has been deposited at a Gene bank
nder accession number JN085959. Multiple alignments revealedlants. Phylogenic relationships were analysed with MEGA (version3.1). Evolutional
a high degree of similarity between deduced amino acid sequence
of Lf NHX1 and putative vacuolar Na+/H+ cDNA of other plants. The
highest identity found was with Aleoropus littoralis: 93%.
A phylogenic analysis of various Na+/H+ antiporter genes indi-
cated that LfNHX1, A. littoralis Na+/H+, A. lagopoides Na+/H+ shared
a cluster distinguished from other clusters of Na+/H+ genes of other
plants (Fig. 3).
Hydropathy plot analysis of the sequence (Fig. 4) revealed that
the N-terminal portion of LfNHX1 is highly hydrophobic and has 11
putative transmembrane domains.
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Also a more hydrophobic C-terminal domain of this protein was
ound (Fig. 4), containing a luminal C-terminal that regulates the
ntiporter’s cation selectivity. This antiporter has a high ability to
ntroduce toxic Na+ into the vacuoles and is therefore a suitable
andidate gene for salt tolerance engineering in crops.
.2. Expression patterns of LfNHX1 under salt stress
Real time PCR showed that Lf NHX1 gene expression in the roots
as induced by NaCl (Table 1). Compared with the control (0 mM
aCl), the relative amounts of mRNA were 3 and 4 times higher
n the 100 and 200 mM NaCl treatments, respectively (Table 1). In
he 500 mM NaCl treatment the amount of mRNA was  even 8 times
igher (Table 1).
.3. The effect of salinity on Na+ and K+ accumulation
The Na+ content was expressed as mg  ion per gram dry weight.
s shown in Fig. 5a, under normal conditions the Na+ content
as low in the control plants. By increasing the NaCl concentra-
ion, the Na+ content in the roots increased too. This indicates that
reated plants accumulated more Na+ in the roots and kept a rel-
tive high Na+/K+ ratio compared with the control (Fig. 5 b and
+). This suggests that LfNHX is involved in the regulation of Na
nd also in the homeostasis of this ion under salt stress condi-
ions.
able 1
he relative quantitative expression of the Leptochloa fusca Na+/H+antiporter gene
t  different levels of salinity, based on Real Time PCR analysis.  CT= CT (NaCl
reatment) − CT (control); CT= CT(Lf NHX1)  − CT (18S rRNA). The fold change in
ene  expression is determined by 2CT equation.
Na concentration CT (18S rRNA) CT(LfNHX)  CT 2CT
Control 19.24 ± 0.05 19.7 ± 0.11
100 mM 22.22 ± 0.45 20.74 ± 2.94 1.93 3.82**
200  mM 22.86 ± 0.01 21.31 ± 1.28 2.00 4.00**
300  mM 21.86 ± 0.05 19.66 ± 0.65 2.69 6.45**
500  mM 21.47 ± 0.26 18.84 ± 0.16 3.08 8.48**
*: signiﬁcant at P < 0.01. using TMpred (http://www.ch.embnet.org/software/TMPRED form.html).
4. Discussion
Soil salinity and drought are the main abiotic stresses that can
cause damage to the growth and productivity of crops. Plants have
developed mechanisms to limit Na+ uptake, to increase Na+ exclu-
sion, or to sequester Na+ into the vacuoles [31]. Halophytes have
the special ability of sequestering Na+ into the vacuoles to main-
tain low cytosolic concentrations of Na+ [32]. It is also suggested
that Na+/H+ antiporters play a key role in the maintenance of the
osmotic balance [2]. We  therefore isolated the tonoplast-associated
Na+/H+ cDNA from the monocot halophyte Leptochloa fusca. To
our knowledge, this is the ﬁrst description of full-length cDNA
encoding the tonoplast-associated Na+/H+ antiporter in L. fusca. The
results indicate that LfNHX was evolutionarily close and showed a
high similarity to Aeluropus littoralis (AlNHX) (Figs. 1 and 2), which
was isolated from another monocot halophyte. But the hydropathy
analysis showed that LfNHX,  with eleven transmembrane domains
(Fig. 3), was  different from Al NHX with ten transmembrane
domains [15] and from OsNHX1 and AtNHX1, each with nine trans-
membrane domains [9,33]. There is a binding site of amiloride
(LFFIYLLPPI) that plays the role of exchange activity inhibitor. Phy-
logenetic analysis of genes from different species indicated that the
cloned transcripts of LfNHX1 showed a high similarity with vacuolar
Na+/H+ genes (Fig. 2). The contrast of the protein similarity sug-
gested that LfNHX and AlNHX,  both from monocot halophytes, might
have a similar function and regulation role in salt tolerance, which
was different in the monocot glycophytes and dicot plants. Sev-
eral non-homologous regions, however, appeared at the N-terminal
(2–18) and the C-terminal (529–540) regions. The most variable
region was  found in the amino acid residues 448–490. Some experi-
ments have demonstrated that the structural subdivision of Na+/H+
antiporter accords with a partition of its function [16,18,31]. There-
fore, these variant sequences of Lf NHX1 may  reﬂect the difference
in Na+/H+ antiporter activity between halophytes and glycophytes.
Information on the isoelectric point (pI) of a protein will be
useful because at pI, its solubility is lowest and its mobility in an
electro focusing system is zero. The isoelectric point (pI) of a pro-
tein is the pH at which the surface of that protein is covered with
charge but the net charge of protein is zero. At pI, proteins are sta-
ble and compact [34]. The computed pI value of LfNHX was  higher
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Atriplex gmelini, Plant. Mol. Biol. 46 (2001) 35–42.ere determined by ﬂame photometer (Jenway PFP7). Values are means ± SD (n = 3).
han 7, indicating that these proteins were considered as basic.
he computed pI will be useful for developing a buffer system for
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The gene expression pattern of LfNHX1 in relation to the
ifferent levels of salt stress was examined with the sensitive quan-
itative real time PCR. In the 100 mM NaCl treatment, the relative
xpression of the vacuolar Na+/H+ antiporter gene in the roots was
 times higher than in the control whereas in the 500 mM NaCl
reatment it was 8 times higher (Table.2). These data are also in
greement with previous studies, which showed that the higher
xpression of the Na+/H+antiporter genes in transgenic plants can
elp to avoid Na+ stress [36,37].
In one study [37], the expression of the Na+/H+ antiporter gene in
oth shoots and roots of rice plants treated with 100 mM NaCl was
wice that of the control plants. Using whole plants of A. thaliana
ecotype Columbia) treated with 250 mM NaCl or KCl, mRNA of At
HX1 was found to have increased by factors 4.2 and 2.8, respec-
ively [38]. This implies an increased inclusion of Na+ into the
acuoles. The up-regulation of LfNHX in this plant may  lead to an
ccumulation of a large amount of Na+ in the vacuoles.
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The high concentration of Na+ in the 100, 200 and 300 mM NaCl
treatment compared with the control (Fig. 5a) may indicate an
effective sequestration of Na+ in the vacuoles, conﬁrming toler-
ance to high cytoplasmic Na+ concentrations. Although to avoid
a disorder of ion homeostasis under saline conditions plant cells
have to maintain a low Na+ concentration and a concurrent high
K+ concentration in the cytosol where enzymes for metabolism
are, uptake of K+ is difﬁcult under saline conditions due to direct
competition from Na+for K+-binding sites on transport systems and
also because of a smaller electrochemical potential difference for
passive K+ uptake. So the prevention of K+ loss from cells appears
to be crucial for maintaining cytosolic K+ concentrations. The high
concentration of K+ (Fig. 5b) even under saline conditions and the
accumulation of Na+ at different levels of salt stress suggest that
L. fusca exhibits important differences in uptake and allocation of
Na+ and K+ to the roots under salt stress. The combined effect of
changes in Na+ and K+ contents is shown as Na+/K+ ratios in Fig. 5c.
In the control the Na+/K+ ratios of root tissues were low. But in
the high-salt media the Na+/K+ ratios increased at all levels of NaCl
treatment, but this effect was considerably stronger in the 500 mM
NaCl treatment. Similar results have been obtained with OsNHX1
transgenic ryegrass [40] and with AtNHX1 transgenic wheat [25].
Besides, Saqib et al. [41] reported that salt-resistant wheat with a
higher expression of the vacuolar Na+/H+ antiporter gene displayed
a low Na+ translocation from roots to shoots, compared with the
salt-sensitive genotypes. These results suggest that a possible salt
tolerance mechanism existed in some plants overexpressing NHX
genes, which preferred to restrict Na+ inﬂux into shoots through
retention of Na+ in the roots to alleviate Na+ toxicity in leaves,
the salt-sensitive organs [15]. In our experiments, the cloned Lf
NHX functioned as a vacuolar Na+/H+ antiporter gene, which was
predicted given the eleven hydrophobic regions. The expression
pattern of Lf NHX under salinity revealed that Lf NHX might play an
important role in the salt tolerance of roots. This mechanism may
offer a possibility of enhancing salt tolerance of transgenic plants.
In summary, our ﬁndings contribute to the understanding of the
molecular basis of vacuolar Na+/H+ antiporters in response to salin-
ity in monocot halophytes and suggest that Lf NHX is an effective
gene for improving salt tolerance of monocot crops through genetic
engineering.
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